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In this study maltose, maltotriose and maltotetraose were for the first time, coupled to 4,4'-methylenedianiline (MDA). The aim of this preliminary work was to test the feasibility of oligo-and polysaccharide coupling to MDA and the characterization of the coupling products by high resolution mass spectrometry (MS). (+) nanoESI in combination with a quadrupole time of flight (QTOF) MS in full scan (MS) and MS/MS was optimized first on underivatized maltose, maltotriose and maltotetraose. The optimal screening and sequencing conditions were further applied to the MDA-functionalized oligosaccharides.The obtained results revealed a straightforward MS detection of the functionalized oligomers, high sequence coverage and a fragmentation pathway with the formation of B and Y ions as well as the complementary C and Z ions along with a typical cleavage of the aglycon. We consider that this methodology is fully applicable also to polydisperse mixtures of long chain polysaccharides, which due to the large number of components and their size require a systematic method of development and testing.
monosaccharide units. In cells, most oligosaccharides consisting of three or more units do not occur as free entities but are joined to non-sugar molecules (lipids or proteins) in glycoconjugates [1] . Polysaccharides form homopolymers and heteropolymers bearing a large number of monosaccharide units joined by glycosidic bonds. A variety of natural polysaccharides, may be subjected to chemical modifications for the synthesis of hybrid materials [2, 3] . Research has been undertaken to produce block copolymers with amphiphilic properties. Functionalization of non-polar polymer matrices with hydrophilic carbohydrates was carried out [4] to enable biochemical or biological reactions at the polymer surface. Block copolymers [5, 6] are soft materials formed by two or more chemically homogeneous polymer blocks joined together by covalent linkages. Amphiphilic block copolymers are of high importance in medicine and pharmacy as drug delivery systems [7] [8] [9] [10] , nanocarriers [11] , biomimetic membranes [12] , surfactants for stem cell differentiation [13] and in industry for non-biofouling materials [14] .
One of the most efficient methods for copolymer synthesis is based on the coupling of functionalized hydrophobic blocks to hydrophilic moieties. Such methods can be successfully applied for the modification of polysaccharide reducing end, as previously described [15] [16] [17] .
We report here on the first coupling of maltose, maltotriose and maltotetraose to 4,4'-methylenedianiline (MDA), in a preliminary study for testing the feasibility of oligo-and polysaccharide coupling to MDA. MDA is employed as a chemical intermediate in plastics processing for high performance polymers, for polyurethane elastomers, foams and special-purpose coatings as well as for epoxy resins and two-component systems .
Our goal was to apply our previously developed synthesis method [15] [16] [17] for the functionalization with MDA of oligosaccharides and to develop high resolution mass spectrometry for the characterization of resulting oligosaccharide derivatives. We have employed the reductive amination reaction in order to create a new C-N bond between the carbohydrate, which exists in solution either in a cyclic hemiacetal or in open-chain aldehyde form and a diamine residue.
Coupling products were characterized by positive ion mode nanoelectrospray ionization (nanoESI) quadrupole time-of-flight (QTOF) mass spectrometry (MS) and tandem mass spectrometry (MS/MS) method, particularly optimized for detection and sequencing of MDA-linked oligosaccharides.
Experimental procedure

Materials
Acetonitrile (99.9% purity), ethanol (99.9% purity), acetone (99.8% purity) and DMF (99.9% purity), were purchased from Merck (Darmstadt, Germany) and used without further purification. Maltose (99% purity) was purchased from Sigma (Germany), maltotriose (96% purity) from BioChemika and maltotetraose (96% purity) from Supleco (USA). For sample solution preparation deionized water obtained by using a system from SG Water (Germany) was used. All sample solutions were dried in a SpeedVac Concentrator, SPD 111V-230 (Thermo Electron Corporation, Asheville, NC, USA) coupled to a vacuum pump, PC 2002 Vario with CVC 2000 Controller (Vaccubrand, Wertheim, Germany). The sample solutions were dialyzed against water using MWCO 500 Micro DispoDialyzer from Harvard Apparatus.
Nano ESI experiments were carried out using self-pulled omega glass capillaries (Analytik Vertrieb, Germany) produced on a vertical pipette puller, model 720 (David Kopf Instruments, Tujuanga, CA, USA) by an "omega" shape filament.
Preparation of sample solutions for MS
For the synthesis of MDA-linked oligosaccharides, the procedure previously described was applied [15] [16] [17] .
For nanoESI QTOF MS experiments, the solutions of underivatized oligosaccharides were prepared by dissolving maltose (denoted 2G), maltotriose (3G) and maltotetraose (4G) samples in acetonitrile:water (1:1 v/v) to a concentration of about 10 pmol µL -1 . The solution of derivatized oligosaccharides was prepared as an equimolar mixture of 2G_MDA, 3G_MDA and 4G_MDA in acetonitrile:water (1:1 v/v) at the concentration of 10 pmol µL -1 for each component. Prior to MS analysis, all sample solutions were centrifuged for 10 minutes in a mini-centrifuge (6000 rpm) from ROTH (Germany). The supernatants were collected and submitted to (+) nanoESI-QTOF MS and MS/MS analysis by collision induced dissociation (CID) at low energies.
QTOF MS and CID MS/MS
MS and CID MS/MS were performed on a hybrid QTOF micro (Micromass/Waters, Manchester, UK) instrument with direct nanoESI infusion in Micromass Z-spray geometry. QTOF MS is connected to a PC computer running the MassLynx 4.1 software to control the instrument, acquire and process MS data. For all acquisitions, the instrument was tuned to record the data at a scan speed of 1 scan/s. For each screening mass spectrum the signal was acquired for 5 minutes. All mass spectra were recorded in the positive ion mode, which was previously demonstrated to be the best option for this type of oligosaccharide [15, 16, 18] . For an efficient ionization and minimal in-source fragmentation, the cone voltage was varied within the range of 20-50 V. The source block temperature was set to 80 0 C and kept at this value during all experiments. MS/MS was performed by CID at low ion acceleration energies using argon at 12 psi pressure as a collision gas. For MS/MS the ions were isolated by setting the LM and HM parameters to 10 and 10 respectively. The product ion spectrum represents a sum of scans combined over total ion current (TIC) scans acquired at variable collision energy within 20-40 eV range adjusted to provide the full set of fragment ions diagnostic for the respective structure.
The m/z scale of the mass spectrum was calibrated by use of an external calibration standard PEG electrospray ''tuning mix,'' from Waters (Manchester, UK). The reference provided in the positive ion mode a spectrum with a high ionic coverage of the m/z range scanned in both MS and CID MS/MS experiments. The average mass accuracy value is situated within the normal range of a QTOF MS instrument.
The sequence ions corresponding to the carbohydrate moieties were assigned according to the nomenclature introduced by Domon and Costello [19] , considering glucose-MDA as the aglycon. To designate a fragment ion of the aglycon we have introduced the nomenclature K and L, with K corresponding to the nonreducing end and L to the reducing end.
Results and discussions
Screening and sequencing of 2G, 3G and 4G samples
The first stage for the methodological development in analyzing the derivatized oligosaccharides was the optimization of the system for screening and sequencing by high resolution MS using nanoelectrospray ionization of the precursor oligosaccharide samples used for synthesis and derivatization. 10 µL of 2G sample solution was loaded into the nanoelectrospray capillary and infused into the quadrupole time-of-flight mass spectrometer. The parameters were adjusted and optimized to minimize the in-source fragmentation and to generate a spectrum with high signal to noise ratio [20] [21] [22] . The screening mass spectrum of 2G is presented in Fig. 1a .
Inspection of the spectrum indicates that the most abundant ion was detected at m/z 365.02 assigned, ). The maximum degree of polymerization (DP) detected by (+) nanoESI QTOF MS analysis of this mixture is six. The oligomerization of these small molecules is a typical phenomenon occurring in solution [23] ; the high sensitivity of the method allowed for the detection of all these oligomers even though the concentration was at a rather low value of 10pmol µL -1 . The method was optimized for this concentration as this value was found to be the ideal compromise between an optimal ionization, a fair intensity of the precursor ions necessary for CID MS/MS and the oligomerization process.
To test and optimize the CID method for sequencing, the ion at m/z 385.12 corresponding to the monosodiated form of 2G, was submitted to detailed structural investigation by fragmentation in CID MS/MS. The spectrum obtained under variable collision energy is depicted in Fig. 1b are diagnostic for the molecular structure. From this spectrum we can evaluate that the conditions for ionization and sequencing were ideal to generate the structural data for this type of substrates.
Maltotriose (3G) was submitted to screening under identical conditions. The spectrum is presented in Fig. 2a . Assessment of the spectrum indicates also the formation of the monosodiated ion at m/z 527.09 and monopotasiated ion at m/z 543.08. Similarly to the previous case, a number of oligomers, which substantiate the high sensitivity of the method, were detected. The ion at m/z 527.04 used as a precursor to test the feasibility of the method and to establish the sequencing conditions for 3G, was submitted to CID MS/MS under variable conditions: cone voltage within 40-50 V, capillary voltage 2 kV and collision energy within 20-35 eV.
The obtained spectrum is depicted in Fig. 2b 365.04) fragment ions, typical for oligosaccharides, were generated under these conditions. These sequence ions are accompanied by a ring cleavage ion corresponding to [ 0,2 A 3 +Na + ] + at m/z 467.05; altogether, the product ions document the 3G molecular configuration.
The extended chain of maltotetraose was analyzed under similar conditions. The nanoESI QTOF mass spectrum is shown in Fig. 3a . It is obvious that in this case, the chain of molecule being longer meant that the oligomerization was found to be reduced to some extent The ion at m/z 689.09 was isolated within an isolation window with LM 10 and HM 10 and submitted for detailed structural investigation by CID MS/MS. The spectrum is presented in Fig. 3b + at m/z 629.13 support the 4G structure indicating that the sequencing conditions were properly optimized for oligosaccharide analysis.
Screening and sequencing of 2G_MDA, 3G_MDA and 4G_MDA samples
The conditions optimized for the analysis of 2G, 3G, 4G samples were applied for the functionalized 2G_MDA, 3G_MDA, 4G_MDA samples. This work is a preliminary study for MDA-functionalization and MS analysis at a large scale of polydisperse polysaccharide mixtures (i.e., polydisperse maltodextrins and dextran). Therefore, to test the feasibility of the method, the ionization conditions of these molecules in a polydisperse mixture, the occurrence of possible ion suppression effect and eliminate these drawbacks, we have chosen to analyze 2G_MDA, 3G_MDA, 4G_MDA samples in an equimolar mixture.
In Fig. 4 the presence of the monosodiated ions of 2G_MDA, 3G_MDA, 4G_MDA at m/z 547.17, 709.21 and 871.33 respectively is observed. Inspecting the spectrum, it is clear that the ion distribution resembles the envelope shape which is characteristic for polydisperse mixtures [24] . Another feature of the spectrum in Fig. 4 is the incidence of non-covalent associations, a phenomenon to be taken into account in further studies on polydisperse mixtures of average to high molecular weight. Thus, the ion at m/z 1197. + respectively were also observed, supporting the structure of 2G_ MDA.
The next ion corresponding to 3G_MDA detected in the equimolar mixture at m/z 709.21 (Fig. 4) was isolated and submitted to CID MS/MS (Fig. 6) . According to the spectrum presented in Fig. 6 , under the employed fragmentation conditions, 3G_MDA followed the same fragmentation pattern as described above. The spectrum discloses, the formation at a fair intensity of the whole + from the equimolar mixture was also isolated and submitted to CID MS/MS. Analysis of the spectrum in Fig. 7 indicates that under carefully optimized fragmentation conditions in terms of collision energy and gas pressure values, the generated product ions cover the entire sequence of 4G_MDA compound. Comparative assessment of these results reveals that obviously there is a similar fragmentation pathway of 2G_MDA, 3G_MDA and 4G_MDA with the formation of B and Y ions as previously reported and the occurrence of complementary C and Z ions along with the typical cleavage of the aglycon. These aspects require a particular consideration when such amino-derivatized oligosaccharides are submitted to CID MS/MS.
Conclusions
In this study we have achieved for the first time the synthesis and structural characterization of amino linked oligosaccharides: 2G_MDA, 3G_MDA and 4G_MDA. As a preliminary study for implementing the method at a large scale for the analysis of polydisperse mixtures of long chain polysaccharides, the goal of this work was to determine the optimal ionization and sequencing conditions of this class of derivatized carbohydrates, their behavior in polydisperse mixtures and their fragmentation pattern under identical CID conditions. The optimized detection and fragmentation conditions have led to a straightforward molecule identification. Therefore, we consider that the method can be successfully applied to polydisperse mixtures of long chain polysaccharides, which due to the large number of components and their size, demand as the analysis prerequisite, a thorough method of development and testing.
